The vibration suppression efficiency of so-called shunted piezoelectric systems is decisively influenced by the number, shape, dimensions and position of the piezoelectric ceramic elements integrated into the structure. This paper presents a procedure based on evolutionary algorithms for optimum placement of piezoelectric ceramic modules on highly constrained lightweight structures. The optimization loop includes the CAD software CATIA V5, the FE package ANSYS and DynOPS, a proprietary software tool able to connect the Evolving Object library with any simulation software that can be started in batch mode. A user-defined piezoelectric shell element is integrated into ANSYS 9.0. The generalized electromechanical coupling coefficient is used as the optimization objective. Position, dimensions, orientation, embedding location in the composite lay-up and wiring of customized patches are determined for optimum vibration suppression under consideration of operational and manufacturing constraints, such as added mass, maximum strain and requirements on the control circuit. A rear wing of a racing car is investigated as the test object for complex, highly constrained geometries.
Introduction
The vibration suppression performance in both active and passive damping decisively depends on the number, shape, size and location of the piezoelectric ceramic elements used [1, 2] . The same holds for shape control, vibroacoustic control and structural health monitoring. Depending on the complexity of the structure at hand, analytic or numerical models might prove more appropriate to describe its behavior. A number of different objective functions, design variables, constraints and solution methods can be applied for the optimization of a target application.
The following section reviews a representative portion of the work performed in the last decade towards the optimal placement of sensors and actuators for vibration suppression. The papers reviewed here have been classified based on the optimization algorithm used and on the kind of structure investigated.
Parameter variation
Informal optimization consisting of parameter variation studies can deliver useful insight into the optimization task, in particular if the solution space can be explored with a reasonable number of configurations. This is the case for simple structures such as beams.
While investigating the multiple mode passive vibration suppression with piezoelectric materials and resonant shunts, Hollkamp [3] estimated the generalized electromechanical coupling coefficient of a pair of piezoelectric ceramic tiles attached to a cantilevered beam at different locations. Kang et al [4] optimized the placement of piezoelectric co-located sensor/actuator pairs for active vibration control of laminated beams by maximizing the structural damping index, a weighted sum of the achieved modal damping of each vibrational mode. Parametric studies were presented for the damping ratio as a function of the location of piezoelectric ceramic elements with given length and various outer-layer fiber orientations. The damping and the stiffness of the adhesive layer and the piezoceramics are taken into account.
Formal optimization techniques, on the other hand, can be classified into mathematical programming and stochastic methods.
Mathematical programming
Most mathematical programming methods work locally and are very efficient given that the assumptions on continuity, differentiability and convexity of the solution space are satisfied. Aside from the convexity assumption, this is mostly the case for basic structures such as beams, plates and shells. [5] published an optimal design methodology for piezoelectric ceramic actuators/sensors and feedback gains towards the vibration suppression in flexible structures. The influence of the actuator/sensor pairs on the mass and stiffness properties of the composite structure was taken into account. The proposed composite objective function included the control performance as well as the added mass. The gradient based optimization, applied to the simple case of a beam structure, was prone to getting trapped in local optima. [6] carried out a similar investigation on laminated plates; as in the work previously described, the optimization was carried out using the gradient method. Seeger and Gabbert [7] proposed an optimization algorithm for the optimal positioning of colocated actuator/sensor patch pairs on a simply supported plate structure. The conjugate gradient method is applied to minimize the H 2 -norm of the transfer function between an external excitation disturbance and the plate vibration amplitude. The constrained optimization algorithm uses the augmented Lagrangian function in order to avoid patch overlapping. Sun et al [8] determined optimal locations of piezoelectric ceramic sensor elements discretely distributed on a rectangular plate by minimizing the observation spillover of quasi-modal sensors. This is equivalent to minimizing the maximum eigenvalue of the matrix relating the sensors' output charges to the modal coordinates.
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The authors formulated a similar criterion for optimal placement of the piezoelectric ceramic actuator elements based on energy and control spillover considerations. Sun and Tong [9] extended the investigation to simply supported closed-and open-form shell structures. In [10] , Kim and Kim address the optimal distribution of an active piezoelectric layer on a flexible plate. A desired performance in transient vibration control is achieved at minimum control energy. Spatial design variables, previously shown to work well for the optimal distribution of viscoelastic damping layers [11] , define the optimum distribution of the layer. A gradient based optimization algorithm yielded optimal material coverage for single-mode and multiple-mode suppression. Local optima were avoided by sequential increase of the number of spatial design variables. These are independent from the finite element mesh. Modalbased correction methods were applied by Rose [12] for the placement of piezoelectric ceramic modules on a circular plate. These methods allow the negotiation of changes introduced by the piezoelectric element's mass and stiffness. The generalized electromechanical coupling coefficient was maximized by applying gradient-based methods in a two-step approach. Halim and Moheimani [13] suggested a criterion for the optimal placement of co-located piezoelectric ceramic actuator/sensor pairs on a thin plate using modal and spatial controllability. The spatial controllability was used to find the optimal placement of co-located actuator/sensor pairs for effective average vibration reduction over the entire structure, while maintaining modal controllability and observability of selected vibration modes.
Engineering design problems, however, are often of a discrete nature (e.g. the number of actuators) or present nonconvex objective functions, so that the above methods are not applicable or tend to get trapped in local optima. In order to overcome these limitations, the scientific community has put significant effort into the investigation of stochastic optimization methods.
Stochastic methods
Stochastic optimization methods can handle search spaces involving both discrete and continuous domains, non-convex objective functions [14] , and objective functions or constraints lacking differentiability. A drawback is that stochastic search methods are often computationally expensive.
Truss structures.
Due to their discrete nature, actuator placement problems on truss structures are classic examples for the application of stochastic optimization methods.
To our knowledge, Rao et al [15] were the first to apply genetic algorithms to the problem of optimal actuators placement in an actively controlled two-bay truss. The dissipation energy of the active controller was maximized for a fixed number of three actuators. A strategy for determining the optimal number of actuators and their respective locations in the active vibration control of a 72-bar space truss was presented by Yan and Yam [16] . The eigenvalues of the energy correlative matrix of the input control force are used to determine an optimal number of actuators for vibration control. Depending on the desired controllability level, these can be equal to or less than the number of degrees of freedom to be controlled. The corresponding optimal actuator locations are then identified by minimizing the eigenvalue sum of the correlative matrix of the required control input energy. Using a binary-encoded genetic algorithm, Bishop and Striz [17] demonstrated the optimal placement of passive ideal viscous dampers on space trusses subjected to different loading. The kinetic and strain energy remaining in the system at the end of a full time-domain transient analysis, as well as the number of actuators, were combined to form a penalty function. Richardson and Abdullah [18] used a real-encoded genetic algorithm for optimal placement of sensors and active tendon mechanisms on high-rise civil structures. These are susceptible to vibrations due to earthquakes, hurricanes or other abnormal loads such as explosions. The proposed method allows for the simultaneous determination of the optimal controller gains.
Even for basic structures, stochastic methods show their strength in mastering non-convex objective functions and discrete parameters, e.g. while choosing from a list of piezoelectric modules with given sizes. [19] provided insight into the problem of optimal placement, sizing and loading of piezoelectric actuators for damping beam vibrations. A fundamental solution, formulated for a single piezoelectric actuator pair, was used in the framework of a genetic algorithm optimization. A float-encoded genetic algorithm for the integrated optimization of piezoelectric actuator and sensor locations and feedback gains for active vibration control was introduced by Zhang et al [20] . According to their results, the float-encoded genetic algorithm is less likely to become trapped in local minima compared to the adaptive binary genetic algorithm and converges faster to the solution. A cantilevered beam is presented as an optimization example, for which the performance function is based on maximizing the dissipation energy of the active controller. A similar problem is tackled by Yang et al [21] , where the sizes of the sensors/actuators to be bonded on a cantilevered beam are selected by the genetic algorithm from a prescribed patch pool. Position and feedback gains are optimized simultaneously. Again, the maximization of the energy dissipation was selected as the optimization criterion.
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Plates and shells.
The same authors later extended the method cited above to the investigation of plates and cylindrical shells [22] . Dynamic constraints, included directly in the modified real-encoded genetic algorithm, penalize overlapping piezoelectric patches. Genetic algorithms were used by Han and Lee [23] to find efficient locations for six sensors and two actuators out of 99 possible sub-areas on a cantilevered composite plate. The performance criteria, used for finding the optimal locations of piezoelectric sensors and actuators and preventing spillover, consider the eigenvalues of the steady state observability and controllability grammians, respectively. Two criteria for the optimal placement of piezoelectric actuators for vibration control were suggested by Sadri et al [24] using modal controllability and the controllability grammian. The number of actuators, their sizes and their optimal locations for maximum controllability of isotropic plates were determined using genetic algorithms. The authors later applied the modal controllability as a criterion for optimal placement of piezoelectric actuators for panel flutter suppression [25] . Again, the optimal locations were found by applying genetic algorithms. Quek et al [26] used the classical direct pattern search method to maximize the active damping of a laminated composite plate. The starting point for the pattern search is selected based on the maxima of integrated normal strains consistent with the size of the co-located piezoelectric sensor/actuator pair used. Optimization performance indices are based on modal and system controllability. The positions of four piezoelectric patches for adaptive feed-forward control are chosen out of 64 candidate locations on a cantilevered aluminum plate in [27] . The maximization of the controllability grammian through a genetic algorithm guarantees a minimum control force for minimizing the vibration response at three selected points of the plate. The required mode shapes and the coupling matrix relating the applied voltages and the equivalent nodal forces are computed via finite element analysis, thus making the method viable for more complex structures. Inspired by the latest progress in laser cutting and micromachining techniques, Wang et al [28] determined the optimal topology of both isotropic and anisotropic piezoelectric sensor/actuator pairs for torsional vibration control of a laminated composite plate using a binary-encoded genetic algorithm. The checkerboard problem is prevented by connectivity analysis, making the method superior to homogenization-based methods. Optimal placements and sizes of sensors and actuators attached to an inflated torus were found by Jha and Inman [29] using a binaryencoded genetic algorithm. Performance indices were defined using modal controllability (minimum energy requirement) and observability (maximum output energy for a good signalto-noise ratio).
Complex structures.
The behavior of more complex lightweight structures can be investigated by idealizing their components as rods, beams, plates or shells. The formulation of the assembled model, however, can be a task beyond the engineer's means, both in terms of expertise and time constraints. Arbitrary, real-world structures are highly constrained by functional, manufacturing or esthetic demands and often present non-convex, noisy solution spaces. This makes the use of stochastic methods in combination with modern knowledge-based CAD systems and FEA tools particularly favorable. Yan and Ghasemi-Nejahd [30] determined the optimal configuration of piezoelectric ceramic actuators/sensors embedded in an adaptive circular composite plate with one central and three edge supports. Genetic algorithms were used to find the optimal actuator configuration placement among eight possible configurations taking into account the interactions between the controller and the structure.
Damaren [31] addressed the problem of actuator/sensor location of a single piezoelectric ceramic element in a spacecraft box structure having a tray-stack architecture. Contributions of the piezoelectric ceramic elements to the system's mass and stiffness were neglected. Assuming patch dimensions equal to the meshed finite element reduced the problem of optimal location for maximum injected damping into the first few modes to a discrete enumeration of a relatively small number of possibilities. One could imagine solving the same problem without loss of generality by applying the procedure described in the present paper. Our work focuses on the optimum piezoelectric ceramic element placement on real-world structures for vibration suppression via passive shunt damping. The procedure combines a knowledge-based CAD system, a FEA tool and evolutionary algorithms (EAs) [32] as an optimization framework. As such, it represents a further step towards a comprehensive procedure for the optimization of both actuator and sensor locations and controller parameters under consideration of structural, weight penalty, manufacturing and economical constraints.
For the sake of conciseness, we refrain from elaborating on basic concepts of EAs and confine ourselves to a brief description of the application of evolutionary optimization methods to the vibration suppression problem. The interested reader will find more detailed information on EAs in [32] [33] [34] [35] . approach. Before evolutionary algorithms can be used for the optimization of any part with bonded or embedded piezoelectric ceramic elements, some preparatory steps have to be carried out. First, a simulation model of the active structure to be optimized is required in order to evaluate the fitness value for each individual. A CAD model of the structure at hand is prepared using the CAD software CATIA V5
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1 . It defines the geometric shape of the structure (see figure 2 ), including the bonded or embedded piezoelectric ceramic patches. A finite element (FE) model is derived from the CAD model and exported to ANSYS 2 , the software package used to evaluate the influence of the piezoelectric ceramic modules onto the system. Shell elements are appropriate for the simulation of thin-walled lightweight structures. In the scope of the present study, SHELL 181 elements were used for the layered composite parts. Additional user-defined shell elements-developed at the Institute of Composite Structures and Adaptive Systems at DLR Braunschweig [36] -simulate the coupling behavior of the piezoelectric ceramic patches.
After defining the simulation model, the optimization process can be set up. The so-called parameterization is the key to an efficient and successful optimization. It has to be defined which parameters, e.g. shape and position of a certain piezoelectric ceramic module, are modified during the optimization process. The number of optimization parameters defines the size of the genotype and accordingly the size of the search space. A large number of parameters expands the search space and generally requires a greater number of evaluations to explore it sufficiently, before eventually converging to an optimum solution. The last task to be accomplished before starting the optimization process is the definition of the evaluation step, described in some detail in section 3. Starting from a randomly initialized population, the optimization loop containing evaluation, selection, crossover, mutation, replacement and model update is iteratively run until a given stopping criterion is satisfied and an optimum design solution is found. A proprietary software tool called DynOPS (Dynamic Optimization Parameter Substitution) written in C++ copes with the complex task of managing the optimization loop. For more detailed information on DynOPS, the interested reader is referred to Wintermantel [34] . 1 www.catia.ibm.com 2 www.ansys.com Figure 2 . The rear wing of a racing car, investigated as the test object for complex, highly constrained geometries.
Optimization process
Based on the FE model of the structure at hand, the optimization process is set up by defining the model parameterization and introducing a fitness formulation for rating the evaluated individuals.
First, the actuators' configuration is optimized for maximum vibration suppression using an R-L shunt. Subsequently, an active fiber composite sensor is positioned for proper operation of a switching R-L shunt and a positive position feedback (PPF) control, respectively. Considering two patches, this represents a total of 13 optimization parameters.
For the presented case, the population size was chosen to be approximately four times the number of optimization parameters.
A first hard constraint is enforced directly while updating the CAD model. Patches overlapping assembly inserts on the endplate (see the black-filled areas in figure 3 ) or crossing the endplate's boundary are discarded. A soft constraintpenalizing the individual proportionally to the violated areadid not show any improvement in convergence behavior over the hard constraint. Skipping building and evaluation of the FE model represents a considerable saving in computing time. 
Fitness function.
Addressing the vibration suppression of a selected nth mode, the optimization objective is based on the generalized electromechanical coupling coefficient K i j proposed by Hagood and von Flotow [37] 
where ω D n and ω E n are the resonance frequencies of the systems measured with open-and short-circuited patches, respectively. Subscripts i and j denote the field and loading direction, respectively. The generalized electromechanical coupling coefficient is proportional to the fraction of the system modal strain energy which is converted into electrical energy by the open-circuit piezoelectric ceramic element bonded onto or embedded into the structure. As such, it is a direct measurement of a shunted piezoelectric ceramic element's influence on a system. A number of constraints take operational and manufacturing limitations into account:
• maximum added mass m a ;
• maximum strain z,max experienced by the patches;
• required inductance value L * for proper operation of the R-L and switching shunts;
• required quality factor Q for proper operation of the R-L and switching shunts.
The tuning inductance L * , the optimum resistance R * (both according to [37] ) and the quality factor Q are computed as
where ω n denotes the structure resonance to be damped and C p is the inherent piezoelectric capacitance.
The optimization objective and all constraints are mapped to a single fitness value F(p) to rate the quality of every 
where D i represents the rating for the objective or a specific constraint and w i is the corresponding relative weight. The mapping is done in order to assign a fitness portion to each constraint in the interval [0,1]. Only the optimization objective is allowed to exceed this range for low quality individuals. The contribution of the single fitness portions to the overall fitness value can be controlled by defining the relative weights w i . For the present optimization, the relative weights are left to unity. The optimization is a minimization problem where the absolute minimum of the fitness F(p) should be found. Objective and constraint mapping functions were implemented as introduced by König [35] .
Optimization objective.
The mapping function for the optimization objective, i.e. the maximization of the generalized electromechanical coupling coefficient for the selected mode, is generally formulated as
where O is the generalized electromechanical coupling coefficient to be maximized. The choice of the exponential factor α = 5 is based on experience, and a and b are scaling factors defined by the conditions
where O init represents an initial value of the design objective that should result in a fitness value of 1 (set to 1.5 × 10 −2 in the present case). O estim is the estimated value that is expected to be reached through the optimization process corresponding to a fitness value of 0.1. In the cited case, this value is set to 8 × 10 −2 . Figure 4 illustrates a portion of the mapping function for the optimization objective Constraints. The mapping functions of all constraints C are implemented using smooth step functions to keep solutions with values falling slightly above the respective limit in the population. The definition of these mapping functions is
where the following functions define the parameters λ and :
The shapes of the mapping functions were adjusted by adapting the values C limit and C feas tol (see table 1), resulting in Figure 5 exemplarily depicts the resulting mapping function for the maximum strain upper limit constraint z,max . The width and steepness of the mapping functions are critical parameters for the convergence of the optimization process. 
Sensor optimization
After determining the actuator configuration showing the largest generalized electromechanical coupling coefficient K i j under consideration of all constraints, the sensor configuration is optimized for proper operation of the switching R-L shunt, i.e. co-local actuator-sensor configuration [38] . This also holds for a positive position feedback (PPF) controller [39] .
3.2.1. Parameterization. Again, the geometric shape and the lay-up of the structure to be damped are fixed. The best actuator configuration resulting from the previous optimization is adopted. In fact, this can be assumed to be optimal for both the R-L and the switching R-L shunts. The sensor itself is positioned by variation of:
• horizontal position x;
• vertical position y;
• angle of rotation α.
Sensor length (31 mm) and width (20 mm) are fixed due to manufacturing reasons. The sensor is embedded under the outer skin layer.
Fitness function.
Harmonic analysis yields the phase response ϕ(w) of both actuator and sensor voltage signals.
The average phase deviation (APD) in the vicinity of the eigenfrequency addressed was taken as the design objective:
where ω is the frequency range of interest around ω n and m is the number of samples. The initial and the estimated values of the design objective are set to 1.5 and 0, respectively. For proper operation of the autonomous switching R-L shunt, the voltage magnitude delivered by the sensor module should be larger than that produced by the actuators. Accordingly, the following constraints were considered:
• ratio VMR between the magnitude of the sensor's and actuators' voltage signals at ω = ω n ; • maximum strain z,max experienced by the sensor.
Again, the sensor module was not allowed to overlap regions including inserts. Table 2 summarizes the number of parameters, population size, number of generations until convergence, and probabilities used for the cross-over and mutation operators. 
Optimization results
Actuator optimization
An actuator pair is searched that maximizes the generalized electromechanical coupling coefficient under consideration of a number of constraints, listed in section 3.1.2. The best configuration found by the optimization engine is presented in figure 6 , with both monolithic actuators working in the indirect 3-1 mode and being galvanically coupled on each endplate. Table 3 summarizes the proposed parameter values and the resulting performance. The added mass is approximately 1% of the original rear wing mass. Figures 9-11 illustrate the evolution of the fitness value F(p), the design objective K 31 and the maximum strain constraint z,max , respectively. In a first search phase, the algorithm rapidly finds a number of configurations with increasing performance and moves the patches to a region of higher strains, finding a local optimum that only slightly violates the maximum strain constraint (see figure 11 ). After several generations, an individual is found through mutation in another region of the search space, whose configuration performs better despite experiencing higher strains. Again, the algorithm seeks its way towards a new local optimum, moving within a noisy solution space showing large variations in maximum strain. Another mutation delivers the optimum configuration for the optimization run discussed here, finding an individual with lower mass that experiences lower maximum strain while showing enhanced piezoelectric coupling. Despite the rather complex geometry and boundary conditions, the orientation of the larger actuator with respect to the fiber direction of the adjacent unidirectional layers (12 • to the y axis) closely matches the results for maximum modal damping reported by Kang et al [4] . The optimization run was stopped after 165 generations. Further slight improvements can be expected by computing a larger number of generations.
As discussed in this example, the evolutionary procedure presented in this paper is robust against getting trapped into local minima. It is assumed that a sufficient number of evaluations would lead to a solution near the overall optimum. However, to the knowledge of the authors there exists no mathematical proof for convergence of the solution to a global minimum.
Sensor optimization
Given the optimum actuator pair found in the previous section, a co-local sensor is searched. The sensor configuration showing minimum average phase deviation in the vicinity of the eigenfrequency addressed is found near the upper middle insert. Despite experiencing relatively low strains, the AFC sensor working in 3-3 mode delivers a voltage signal, the magnitude of which is approximately 1.5 times larger than the actuators' one (see table 3 ). Figure 8 shows the actuator and sensor placement on the endplate. The partially overlapping actuators are embedded between different laminate layers in a region of relatively high strains (see figure 7) and accurately avoid the inserts' regions. The sensor is embedded in the opposite skin of the sandwich part.
Vibration suppression
For prediction of the vibration suppression performance of the R * -L * shunted optimum actuator pair, the transfer function from a unit excitation (applied on the endplate in correspondence to the rear wing's center of mass) to the endplate tip displacement was computed in the Laplace domain as described in [40] . Results for the open and the shunt damped rear wing are shown in figure 12 . A vibration suppression of the first vibration mode by approximately 21.5 dB can be expected. 
Conclusions and outlook
In this paper an approach is presented for optimum placement of piezoelectric ceramic elements for vibration suppression of real-world, highly constrained structures. The optimization procedure includes a knowledge-based CAD model, an FE model and an evolutionary algorithm optimization loop controlled by the proprietary software tool DynOPS. A userdefined layered shell element with piezoelectric capabilities was integrated in the commercial FE package ANSYS for simulation of the composite structure's dynamic response. The generalized electromechanical coupling coefficient was computed as the design objective. Additional constraints were then added to form a unique fitness value. The model parameterization allows for the investigation of an arbitrary number of patches with variable dimensions, position, orientations, embedding location in the composite lay-up and wiring between the different patches. A rear wing of a race car was investigated as a test object for the proposed optimization procedure. Two monolithic actuators and an AFC sensor were successfully placed for optimum vibration suppression using R-L and switching R-L shunts. The FE model can be enhanced to take into account the influence of the chosen active/passive controller on the composite structure. Material and geometrical variations of both the host structure and the piezoelectric elements can easily be included as optimization parameters. Additional constraints such as control energy, influence of embedded elements on the structure's mechanical behavior, manufacturing or economic issues can also be mapped to a single fitness value. The computational requirements, however, could then be the limiting factor.
